In previous reports, we have described various age-related changes in sleep in F344 rats during baseline and in recovery from 48 hours of sleep deprivation. In summary, when compared to young adult rats (3 months old), "middle aged" (12 month) and "old" (24 month) rats demonstrated significant reductions in super-modal high-voltage NREM sleep (HS2), the mean length of sleep bouts, and REM onset latency. 1 Spectral analysis of the EEG indicated NREM delta power, when normalized against REM delta power, was reduced in the baseline sleep of older rats. 2 During recovery from 48 hours of sleep deprivation, older rats, which started from lower baseline levels of delta power, had significant increases, while young rats did not. 2 Three-and 12-month old rats showed significant increases in NREM sleep during recovery sleep, while 24-month old rats did not, and an increase in REM sleep during recovery was substantially greater in 3-and 12-month old rats than in the 24-month old rats. 3 Thus, although a picture of the age-related changes in the recovery response to sleep deprivation is emerging, the mechanism behind them remains unclear. One possibility is that agerelated changes in pineal function, particularly decreased melatonin secretion, subserve the reduced ability to generate NREM and REM sleep during recovery in older animals. In order to examine this possibility, we have examined the effects of pinealectomy on recovery sleep in young (3 mo.), "middle aged" (12 mo.), and older (24 mo.) rats. As a secondary matter, the baseline sleep data provide an opportunity to revisit the question of whether pinealectomy alters baseline sleep in rats, and the unexplored issue of whether pinealectomy might have differential effects on baseline sleep in rats of different ages. Previous studies conducted in young adult rats only, have indicated minimal changes in sleep 4 aside from possible declines in the amplitude of the NREM and REM 5 or the REM 6 diurnal rhythms.
INTRODUCTION
In previous reports, we have described various age-related changes in sleep in F344 rats during baseline and in recovery from 48 hours of sleep deprivation. In summary, when compared to young adult rats (3 months old), "middle aged" (12 month) and "old" (24 month) rats demonstrated significant reductions in super-modal high-voltage NREM sleep (HS2), the mean length of sleep bouts, and REM onset latency. 1 Spectral analysis of the EEG indicated NREM delta power, when normalized against REM delta power, was reduced in the baseline sleep of older rats. 2 During recovery from 48 hours of sleep deprivation, older rats, which started from lower baseline levels of delta power, had significant increases, while young rats did not. 2 Three-and 12-month old rats showed significant increases in NREM sleep during recovery sleep, while 24-month old rats did not, and an increase in REM sleep during recovery was substantially greater in 3-and 12-month old rats than in the 24-month old rats. 3 Thus, although a picture of the age-related changes in the recovery response to sleep deprivation is emerging, the mechanism behind them remains unclear. One possibility is that agerelated changes in pineal function, particularly decreased melatonin secretion, subserve the reduced ability to generate NREM and REM sleep during recovery in older animals. In order to examine this possibility, we have examined the effects of pinealectomy on recovery sleep in young (3 mo.), "middle aged" (12 mo.), and older (24 mo.) rats. As a secondary matter, the baseline sleep data provide an opportunity to revisit the question of whether pinealectomy alters baseline sleep in rats, and the unexplored issue of whether pinealectomy might have differential effects on baseline sleep in rats of different ages. Previous studies conducted in young adult rats only, have indicated minimal changes in sleep 4 aside from possible declines in the amplitude of the NREM and REM 5 or the REM 6 diurnal rhythms.
METHODS
These data come from three groups of male Fisher (F344) rats, including 18 young (3 mo.), 21 "middle aged" (12 mo.), and 17 old (24 mo.) animals. Prior to the experiment, all were maintained in cages with a 12-hour light, 12-hour dark (LD 12:12) cycle in which lights were turned on at 10:00h. Details of surgical implantation of EEG and EMG recording electrodes appear in a prior publication. 7 During the same surgical session as the electrode implantation, half of the animals in each age group underwent pinealectomy (pinex rats) using procedures described previously, 8 while the other half had a sham pinealectomy, by producing a 3 mm opening in the skull at the intersection of the midline with lambda, without removing the pineal gland (sham rats). After a one week recovery period, the rats were placed in a diskover-water sleep deprivation apparatus 9 in continuous dim light, to remove masking effects of light on sleep and waking, and this was maintained for the remainder of the study. The ambient temperature was in the range of 21-24 o C. Following three days of acclimatization, 24 hours of baseline sleep was recorded. The rats then underwent 24 hours of total sleep deprivation by the disk-over-water method, as described previously. [9] [10] [11] The diskover-water system is comprised of a computer-driven apparatus which slowly rotates a disk at 3.33 RPM, awakening the rat, whenever an algorithm in the PASS automated scoring system determines the presence of a non-waking stage. There is minimal stress for the rat, particularly in a deprivation period as brief as the one employed here; indeed, it induces less stress, as measured by cFos mRNA production, than comparable sleep deprivation by "gentle" manual deprivation. 12 In the disk-over-water system, total sleep deprivation usually requires a total travel distance of about 1 km/day, in comparison to the 3 km/day that is voluntarily covered by rats with an available activity wheel. 13 With deprivation periods of fewer than 10 days, examination has revealed no significant changes in ACTH, corticosterone, adrenal weight, mean arterial blood pressure, epinephrine or norepinephrine levels compared to yoked controls. 14 Following the 24 hour sleep deprivation period, on the sixth day after entering the apparatus, a 24-hour recovery sleep recording was initiated. The PASS automated scoring system, previously validated against visual and behavioral methods. 9, 15, 16 was employed to assess sleep staging; the definitions of sleep stages and related terms are found in a recent publication on sleep deprivation in intact animals. 1 Of particular interest in this study is the HS2 category of NREM sleep, which is defined as epochs having a mean EEG amplitude greater than the NREM EEG mode (hence "super-modal"). At the conclusion of the study, each rat was euthanized with pentobarbital, and an examination ascertained the absence of the pineal gland in the pinex group, and its presence in the sham-operated group. All procedures conformed to the guidelines of the University of Chicago Institutional Animal Care and Use Committee.
Spectral analysis was performed on the midline EEG. After amplification and filtering to 0.5 to 18 Hz (3 dB points, 12 dB/oct), it was sampled at 64 Hz. Employing a 4-sec window with a Hanning window vector to minimize artifactual data at the edges of each window, six equally-spaced Fast Fourier Transforms were performed on each 30-second epoch and the results were saved as spectral power. The spectral power was divided into wavebands designated as delta (1.0 -4.75 Hz), theta (5.0 -9.75 Hz), sigma (10.0 -14.75 Hz), and beta (15.0 -19.75 Hz), averaged over the epoch and divided by bandwidth to yield power density in each band. Both sleep stage and power spectral data were collected into four sequential six-hour blocks for further analysis. In order to assess any possible differences in mean power density in NREM sleep across age groups, bands were normalized by dividing the NREM values for each rat for each block by the mean delta power density in REM sleep during that block, a procedure which has previously been reported to minimize within-group variance in rodents. 17 [Presumably, a background level of delta activity during REM sleep exists and results in recorded power reflecting the anatomy and/or electrode placement of the individual rat.] An analysis of variance (ANOVA) with age repeated on block and condition found no statistically significant differences in absolute delta power during REM between age groups (p=0.6), six-hour time blocks (p=0.7), or condition (baseline vs. recovery; p=0.3), or significant interactions between them. Thus it is unlikely that differences across age groups could result from variation in the absolute delta power during REM.
In order to determine the presence of age-or treatment-related changes in the amplitude of the circadian rhythm of sleep and waking, three complementary analyses were performed for total sleep, NREM and REM sleep: 1) the mean "day/night ratios" (ratio of the total amount in the first to the second 12 hours of the 24 hour recording) for each of these variables were calculated. This approach has the benefit of simplicity, but its limitation is that it does not account for any possible phase shifts which might be related to age or treatment; 3) an "A statistic," which has previously been employed to measure amplitude of circadian rhythms of sleep in the rat [18] [19] [20] was applied to the 20-minute blocks. In contrast to the cosine fit procedure, the "A statistic" does not make assumptions about the type of curve present. Instead, it is based on the average amplitude of a rhythm, and is expressed as a number between 0 and 100, such that 100 would be found if all the epochs of a sleep stage occurred in a single 12-hour time block, and 0 would indicate there was the same amount of the sleep stage during each block.
All of these measures assumed a 24-hour free running period, as the recording time of 24 hours was too short to estimate the period with greater precision. These measures then were assessed as dependent variables in two-way analyses of variance in which age and treatment were independent variables.
Possible age-or treatment-related alterations in the circadian rhythm of core temperature were assessed with the cosine fit procedure and a modification of the "A" statistic such that amplitude was expressed as mean trough-to-trough (deg. C). In both cases, the time until maximum values was determined from a starting point of 10:00h (the start of the 12-hour lights-on period before placing the animal into the continuous dim light conditions of the study). Statistical significance of these measures of amplitude of core temperature rhythm was assessed by analysis of variance (ANOVA), the Tukey HSD test (employing the mean square error from the ANOVA), or by regression analysis in which age group or treatment served as a linear variable. Statistical analyses of sleep stage and power spectral data were performed by ANOVAs for repeated measures. In order to assess the effects of age, pinealectomy, and recovery from sleep deprivation on sleep, three-way ANOVAs in which age, treatment (pinealectomy vs sham-operated) and time period (sequential six-hour time blocks) were categorical independent variables, while sleep stage or power spectra data were dependent repeated measures with two levels (baseline and recovery values) were performed. When the ANOVA revealed a significant effect, posthoc Least Significant Difference (LSD) tests were performed. Analyses of variance revealed no significant differences for age or pinealectomy for any of these variables. Abbreviations: Young=3 months of age; Middle-age: 1 year of age; Old=2 years of age. Discussion of the three measures of amplitude of circadian rhythms are found in the "Methods" section. All values represent mean±SEM. 
RESULTS

Sleep Stages
The three-way ANOVA (treatment, time period, baseline vs. recovery) revealed no significant effects of pinealectomy on total sleep, REM sleep, or high super-modal EEG amplitude NREM sleep (HS2). As seen in Figure 1 , there was a significant (p<.02) but quantitatively small effect of pinealectomy on NREM sleep as a percentage of recording time, such that the pinex animals had approximately 2.5% more NREM sleep. A significant (p<0.04) interaction of treatment (pinealectomy) X condition (baseline vs. recovery) indicated that pinealectomized rats, independent of age, did not show the increase in NREM sleep from baseline to recovery seen in the sham-operated animals. There were no significant effects of age on total sleep, NREM sleep, or REM sleep.
Delta EEG Power
Delta EEG power (expressed as a multiple of REM delta power) was not significantly affected by pinealectomy. There was a significant interaction of age X condition regardless of treatment (pinealectomy vs. sham), such that the young rats, which began at baseline with higher levels of this measure of delta power, showed a decline during recovery sleep, while the old rats, starting at a lower level, manifested an increase during recovery sleep (p< 0.01; Figure 2) , in a manner similar to that in our earlier study .
Circadian Rhythms
As in our previous study of intact rats, there were no significant effects of age on the day/night ratios of total sleep, NREM and REM sleep in baseline conditions. We found no significant effects of pinealectomy, or interaction between pinealectomy and age, on these measures. Analyses of amplitude of circadian rhythm by the cosine fit method or by the "A statistic" similarly showed no significant effects of pinealectomy on total sleep (Table 1) , NREM sleep, or REM sleep.
CONCLUSIONS
Prior studies of pinealectomy, which have been confined to young adult rats, have had mixed results. Rechtschaffen et al. 4 examined pinealectomized, sham operated, and intact rats (3 each) under LD 12:12 conditions and found no changes in the amount of REM or NREM sleep. When examined in a schedule of alternating light and darkness every five minutes, they found no evidence of pinealectomy affecting darkness-induced REM triggering. Kawakami et al., 5 studying young adult pinealectomized rats in up to five days of continuous darkness found a decrease in amplitude of the REM sleep circadian rhythm; NREM sleep had a complete loss of regularity as well as decreased amplitude. In pinealectomized rats in LD12:12 for 10 to 20 days, there was a decrease in the amplitude of both the REM and NREM rhythms. Mouret et al. 6 found that in seven rats studied 30 days after pinealectomy, in LD 12:12, there was no change in the amounts of REM or NREM sleep, but the circadian rhythm of REM was largely abolished. In summary, the available data have indicated no clear change in total amounts of REM or NREM sleep following pinealectomy, but have shown decreases in the circadian amplitude of NREM and REM, with some differences as to which is greater. Our data agree in that we found no statistically significant differences in amounts of total sleep or REM sleep, but disagree in that we observed a very small increase in NREM sleep, and no differences in amplitude of the NREM, REM, total sleep, and peritoneal temperature circadian rhythms. Differences between our study and preceding work include a larger sample size which may have allowed for regression to the mean, as well as the use of three different statistical procedures to assess amplitude. Our work also differs in that, with the exception of the Rechtschaffen et al. study, 4 these previous reports did not include a sham-operated control group, relying instead on a comparison with intact rats. It should be noted that our observation over a single 24-hour period, and the environment with a 12:12 L:D schedule may have contributed to our finding. Additionally, we have found no difference in phase which as far as we can determine has not been previously assessed.
A major hypothesis leading to this study was that changes in pineal function might contribute to age-related changes in sleep, in particular that pinealectomy might mimic the decrease in pineal melatonin secretion seen in old age in humans, who also have lower voltage NREM sleep. If this were so, then one would expect the sleep of young pinealectomized rats to be more like sleep in older animals, (e.g., with less HS2 and shorter sleep bouts). 1 We found no differential effects of pinealectomy on baseline sleep of young, middle-aged, or older rats, and thus no support for the view that changes in pineal function contribute to age-related changes in baseline sleep. It is possible, of course, that variability in amount of melatonin secretion among the old animals should also be considered; future studies could measure melatonin at the time of sacrifice to determine if variable secretion might lead to differences in recovery sleep.
To our knowledge there has been no previous assessment of whether pinealectomy alters responses to sleep deprivation. We found that pinealectomy did prevent the increase in NREM sleep from baseline to recovery, leaving open the possibility that one aspect of pineal function might include maintenance of some aspect of homeostatic function. It should be noted, however, that this effect was not age-dependent, and hence would be unlikely to explain any changes in the ability of older rats to increase the amount of NREM sleep during recovery sleep following sleep deprivation. 3 These data are consistent with the possibility that normal pineal function is necessary for typical increases in NREM sleep during recovery from sleep deprivation.
